Children in sub-Saharan Africa continue to acquire and die from cerebral malaria, despite efforts to control or eliminate the causative agent, Plasmodium falciparum. We present a quantitative histopathological assessment of the sequestration of parasitized erythrocytes in multiple organs obtained during a prospective series of 103 autopsies performed between 1996 and 2010 in Blantyre, Malawi, on pediatric patients who died from cerebral malaria and controls. After the brain, sequestration of parasites was most intense in the gastrointestinal tract, both in patients with cerebral malaria and those with parasitemia in other organs. Within cases of histologically defined cerebral malaria, which includes phenotypes termed "sequestration only" (CM1) and "sequestration with extravascular pathology" (CM2), CM1 was associated with large parasite numbers in the spleen and CM2 with intense parasite sequestration in the skin. A striking histological finding overall was the marked sequestration of parasitized erythrocytes across most organs in patients with fatal cerebral malaria, supporting the hypothesis that the disease is, in part, a result of a high level of totalbody parasite sequestration.
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Despite massive, large-scale programs for the elimination and possible eradication of malaria, 200 million people are infected annually; 655 000 deaths still occur each year, almost exclusively in sub-Saharan African children <5 years of age [1] . Cerebral malaria (CM) is defined clinically as coma (based on a Blantyre coma score of ≤2), parasitemia, and no evidence of hypoglycemia, meningitis, or postictal state. We previously modified this definition to include signs of malaria retinopathy on retinal examination, which eliminated approximately 25% of diagnoses that were incorrect at autopsy [2] . When patients meeting the modified definition are examined at autopsy, histological evidence of intense parasite sequestration is found in the brain [3] .
In this study, we investigated the quantitative levels of sequestration in organs other than the brain. We performed histological analyses of organs obtained during 103 autopsies and tested 2 hypotheses regarding the quantitative parasite pathology in CM. The first hypothesis was that CM is a specific condition associated with a high number of sequestered parasites throughout the organs of the body, including the brain, and that, conversely, comatose patients with parasitemia who do not meet our modified clinical case definition have little to no sequestered parasites. Our second hypothesis was that the median sequestered parasite numbers differ between 3 patient groups that underwent autopsy-those with CM, those with severe malarial anemia (SMA), and parasitemic controls with nonmalarial causes of coma-and that the highest burden is in patients with histologically defined CM.
MATERIALS AND METHODS

Patients
Study design, ethical approval, patient recruitment, clinical management, autopsy protocols, and laboratory investigations have been previously described [2] [3] [4] [5] [6] . Briefly, if, after enrollment into an ongoing clinical study of malaria pathogenesis, the subject died, and informed consent for an autopsy was obtained from a parent/guardian, a standardized autopsy was carried out. Cases were subjects meeting the standard clinical case definition of cerebral malaria (CCM). Controls were subjects with severe malarial anemia, coma without parasitemia, parasitemia with nonmalarial coma, as well as noncomatose, nonparasitemic patients. The brain and all organs were dissected immediately, without fixation.
Histological Classification
All histological tissue specimens used in the study were fixed in fresh 10% neutral buffered formalin, processed, embedded in paraffin, cut into 3-4-μm sections, and stained with hematoxylin and eosin per routine protocols. Review of brain histological findings by 2 pathologists for the overall features of CM allowed for histological classification of patients who met the clinical case definition (CCM) during life into 3 distinct categories: CM1, sequestration of parasitized red blood cells (PRBCs) in the brain, no additional cerebral histopathological changes, and no other cause of death; CM2, sequestration of PRBCs and the presence of cerebral microthrombi, ring hemorrhages, and extraerythrocytic malaria pigment, and no other cause of death; and CM3, no sequestration of PRBCs in the brain, and another cause of death identified [2] . Use of the modified clinical case definition (ie, the addition of malaria retinopathy to the classical case definition) would eliminate the CM3 designation, but for the purpose of testing the hypotheses proposed, we here use the CM1, CM2, and CM3 designations.
Quantification
Tissue sections from all organs sampled from 103 cases were reviewed for adequacy of preparation and morphological quality, and sequestration was determined quantitatively in brain, lung, heart, stomach, jejunum, ileum, colon, kidney, skin, and spleen. This subset of organs was selected because they had the mostconsistent sectioning and sampling, represented a diversity of vascular blood flow patterns, and consistently had sequestration appreciable in qualitative review [7] . The heart section examined was the left ( predominantly) and right ventricle; the lung section examined was from the right upper or lower lobe (inflated with formalin prior to sectioning). PRBCs in each organ other than the brain were counted using the same protocol, in which the total number of PRBCs seen in all vessels in at least 10 high-power fields were counted and reported as the number of PRBCs per 10 high-power fields. The methods used for counting PRBCs in the brain were as previously published [3] , and the brain counts were converted for the purposes of the present study to the per 10 high-power field nomenclature, using the average number of capillaries per high-power field from a test set. For the intestinal tract, counting was limited to the capillary network of the lamina propria. The 2 tissue blocks representing the intestinal tract contained 2 pieces of tissue each (stomach and ileum; jejunum and colon). When only 1 section was available for review in a block with adequate lamina propria, the count for the available one was imputed (by assumption) for the other. In addition to routine processing, a section of spleen was soaked in picric acid for 48 hours to remove all pigments (ie, hemozoin, iron, and formalin) and then stained with Giemsa stain. Splenic PRBC counts were measured in the red pulp of the spleen containing the sinusoids and littoral cell network. Parasites in skin are found largely in vessels supplying subcutaneous fat; skin counts were taken exclusively from those vessels.
Statistical Analysis
To control for the variability in vascular bed density across organs, counts of parasites between organs were compared using the nonparametric Kruskal-Wallis and trend tests to test the hypothesis that the parasite burden would decrease in the following order, based on our a priori hypothesis: CM1>CM2>>SMA>CM3>other. The term "other" included all patients who did not meet the clinical case definition of CM in life, except for patients with SMA, a discrete category of severe malaria. The total number of sequestered parasites across measured organs was summed (excluding those from the brain) and compared by the Kruskal-Wallis and trend tests between CM and non-CM cases.
RESULTS
Of the 103 patients who underwent autopsy, the final anatomical diagnoses were distributed as follows: CM1, 13; CM2, 41; CM3, 20; SMA, 4; nonmalarial coma, 17; incidental parasitemia, 3; indeterminate, 4; and nonmalarial death, 1. On review, 2 of the 4 indeterminate cases met the histological criteria for CM, but insufficient clinical data were gathered to make a premortem diagnosis. The single nonmalarial, noncomatose patient who died was aparasitemic and had pneumonia.
Sequestration of PRBCs occurred in central nervous system capillaries in all CM1 and CM2 cases but rarely if at all in SMA, CM3, or control cases. The quantity of parasites per organ in the CM1 group was higher than that in the CM2 and other groups, with a significant trend holding across the groups (Table 1 ). Although the quantities within different organs were similar between the CM1 and CM2 groups, trends across organs, including heart, lung, and spleen, showed higher numbers in CM1 cases, compared with CM2 cases. The gut was similar in both categories, and the skin showed more intense sequestration in CM2 cases, compared with CM1 cases (Table 1) . In a few CM3 cases, SMA cases, and controls, sparsely scattered parasites were observed (Table 1 and Supplementary Table 1) . Representative examples of tissue sequestration across the organs that were counted are shown in Figure 1 .
DISCUSSION
We proposed, on the basis of our previous qualitative data, that CM is a specific condition associated with a large numbers of sequestered parasites throughout the organs of the body, including the brain [7] . Our quantitative data demonstrate that, in parasitemic, comatose patients, the brain and other organs have a higher number of parasites than controls with similar peripheral parasitemia levels before death [2] . Conversely, comatose patients with parasitemia who did not meet our modified clinical case definition (and lacked significant brain sequestration at <20% of vessels) lacked a significant burden of sequestered parasites [3] . Further, we looked at the median organ parasite numbers between our patient groups coming to autopsy-those with CM, those with SMA, and controls with other diagnoses-and found the highest numbers in histologically defined CM (Table 1) .
Between CM1 and CM2 cases, we noted differences in the median values, with similar ranges. After depigmentation of spleen sections in picric acid, individual PRBCs were sometimes noted on careful examination in CM2, CM3, SMA, and other groups, but large numbers of splenic parasites were a feature predominantly of patients with CM1. Sequestration of PRBCs in the skin only occurred in the capillaries and small venules and arterioles of the subcutaneous adipose tissue, sparing the dermis. The skin had more parasites in CM2 cases, compared with CM1 cases. Skin tissue sections were also the most difficult to assess, with less than half of the cohort being analyzed, because of technical issues of quality and section adequacy. Findings for the gut, overall, were similar in CM1 and CM2 cases but quite different from findings for controls, which leads us to conclude, on the basis of the large total volume of gut microvasculature, that this represents a large and very important proportion of total body sequestration; how this manifests clinically is unclear, but gastrointestinal complaints are commonly associated with malaria infection.
Previous clinical data from our cohort and this complete quantitative cohort demonstrate one of the remarkable difference between CM1 and CM2 at autopsy: death occurs at variable time points in the course of the infection [3, 7] . That one particular unified parasite "event" causes death (other than the common features of dense full-body sequestration and increase in brain volume) is unlikely. CM1, the less common pattern, appears to represent an overall more rapid disease with higher levels of parasite sequestration in the spleen (the primary organ of parasite clearance) but little end organ pathology (ie, ring hemorrhages). In contrast, the pathology associated with CM2, the more common of the two, appears to be associated with a slightly prolonged illness with the development of end organ pathology in the brain. The lack of end organ damage outside of the brain in our pediatric cohort (and the rarity of multiorgan failure as seen in adult patients) is possibly explained by the difference in duration of illness and the rapid onset of the cerebral dysfunction that leads to death in children [8] [9] [10] . The pathology of CM in adults in areas of low malaria endemicity has been studied quantitatively by others across several organs [11] [12] [13] [14] . Adults survive (usually with support) for protracted periods, but death, when it occurs, is due to the development of multiorgan failure [8] .
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